Rat models are frequently used in preclinical studies on the pancreatic diseases. However, non-invasive imaging of rat pancreatic models has been hampered by the small size of the pancreas and the unpredictable motion artifacts in rat abdomen. Being widely accessible and of translational advantages, clinical magnetic resonance imaging (MRI) scanners have shown a great potential for small animal imaging studies. In this overview article, by combining clinically available hardware and imaging protocols, different technical challenges for rat pancreatic imaging on clinical MRI settings are addressed, and solutions for practical problems are elaborated. Consequently, state-of-the-art clinical MRI techniques can be translated to non-invasive small animal pancreatic imaging with high flexibility, incorporating high-resolution 3D structural imaging, magnetic resonance cholangiopancreatography, T1/ T2 relaxation mapping, diffusion-weighted imaging and dynamic contrast-enhancement perfusion protocols. Images of rat models of pancreatic and hepatic tumors and acute pancreatitis are used for illustrations.
INTRODUCTION
Developing an optimized diagnostic imaging platform by using clinical imagers has a great value for preclinical theragnostic research on small animals with pancreatic diseases. Due to the wide accessibility and translational relevance, the potential of clinical magnetic resonance imaging (MRI) scanners have been recently explored for rodent brain imaging and even small animal self-gated cardiac imaging [1, 2] . However, most of those studies need customized hardware or MRI pulse sequences. Furthermore, imaging rodent pancreas proves extremely difficult due to the minute anatomical structures and random motion artifacts from the abdomen [3] . To tackle such technical challenges for rodent pancreatic imaging with clinical facilities, serial efforts have been made to provide solutions to these practical problems [4] [5] [6] .
has to be made among SNR, spatial resolution and temporal resolution.
CHALLENGES OF RODENT PANCREATIC IMAGING
The major challenges of rodent pancreatic imaging are the motion artifacts caused by periodical diaphragm movement during respiration and spontaneous peristaltic movement of the gastrointestinal (GI) tract. Regular breathing can be censored by using a small animal monitoring system. However, randomized GI movement is usually unpredictable, and would accumulate to disrupt the images. As shown on the cine images in Supplementary Figure 1 , highly active peristalsis and contraction in the GI tract surrounding the rat pancreas would induce both regional in-plane and through-plane motion artifacts. Therefore, to minimize accumulated random motion artifacts, it is necessary to accelerate each scan protocol. The second challenge for rodent pancreatic imaging is the poor field homogeneity at the tissue boundaries in abdominal region, which may hamper the use of protocols based on echo planar imaging (EPI) and balanced steady-state free precession methods due to their sensitivity to susceptibility changes, resulting in artifacts. Different specific image artifacts will be discussed in following chapters.
RESPIRATION CONTROL DURING SCANS
Due to the relatively low temporal resolution in most MRI scans, respiration control is essential for rat abdominal imaging. Currently, most imaging protocols for human abdominal region are performed under breath-holding condition [12] , which is hardly applicable in small animals. Tracheal intubation is an alternative to breath-holding method [13] , however this timeconsuming and device-demanding setup is not ideal for small animal scans. In small animal scanners, retrospective gating or prospective acquisition correction using scout scans is helpful to eliminate respiratory and cardiac artifacts [14] . Similar navigation system is available for a few protocols on clinical scanners [12] , however, the navigation window in clinic scanner is too big for a small rat, which results in a low navigation efficiency and prolonged scan duration. To illustrate the navigation system, time series of rat abdominal imaging are projected in Figure 1A .
A relatively more efficient method for respiration control is the application of breath triggering using a small animal monitor system, which is also commonly used on preclinical small animal scanners. A respiration Experiments on rodent pancreatic imaging were carried out systematically from ex vivo organ contrast enhancement to noninvasive in vivo multi-parametric MRI. The following detailed objectives were identified: (1) to visualize a complete pancreas and its topographic landmarks through contrast enhanced CT and MRI in a rat postmortem model; (2) to explore noninvasive MRI methods for characterization of chemically induced acute pancreatitis in rats; (3) to estimate the reliability of 3D isotropic MRI and quantitative multi-parametric MRI for characterization of an orthotopic pancreatic head tumor model in rats; and (4) to validate the above newly developed imaging platform for preclinical and translational theragnostic studies on typical pancreatic pathologies in rats [7] .
In this article, the above-mentioned research activities are overviewed. In particular, by combining standard clinical hardware with a small animal triggering system and MRI protocols modified from clinical imaging acquisition sequences, technical issues and challenges related to rat pancreatic imaging are discussed, and solutions to practical problems are proposed accordingly. All illustrated animal images were acquired at a 3.0T Siemens Trio or Prisma scanner with standard specifications.
HARDWARE SPECIFICATIONS AND LIMITATIONS
Regarding the clinical standard hardware, the applied 3.0T Siemens Trio and Prisma scanners have a peak gradient amplitude of 45 mT/m and 80 mT/m respectively, with the same slew rate of 200 T/m/s. Such gradient strengths are about 10 times lower than that of the current state-of-the-art small animal MRI scanners. In rodent abdominal MRI, commercial human wrist multi-channel surface coils are most frequently used for receiving the MR signals [1, [8] [9] [10] . A small field of view (FOV) around 70 to 80 mm, adapted to the tiny dimension of the rat abdomen, would be preferred. Although multi-channel wrist coils allow scanning in a smaller FOV, the signal-to-noise-ratio (SNR) will be sacrificed. To maintain enough signal, more scanning averages would be necessary in most cases, which lead to a prolonged scan duration. Alternatively, SNR can be improved by lowering the receiver bandwidth or image resolution. However, lower receiver bandwidth would induce longer echo spacing, an increased chemical shift, longer minimal repetition time (TR) and more severe susceptibility artifacts [11] . Since rodent anatomical structures are much smaller compared to that of human subjects, it is crucial to maintain sufficient spatial resolution. Therefore, a compromise rate between 45 to 60 breaths per minute is suggested for rat abdominal imaging. On clinical MRI scanners, a few protocols can be combined with respiration triggering, and effective TR time is slightly prolonged due to long breath intervals. For spin-echo based T1-weighted images, a short TR is essential to maintain enough T1 weighting. In this case, free breathing scan with oversampled radial trajectory acquisition [15] blade (oversampled periodically rotated overlapping parallel lines with enhanced reconstruction) is an option for T1-weighted imaging [ Figure 1B ].
MRI ACQUISITION
Detailed MRI parameters are summarized in Table 1 . For in vivo MRI scans, isoflurane, air and oxygen mixture can be used for animal anesthesia [5, 6] . Small animal monitor system model 1025T from SA instruments Inc. is compatible for respiration triggering [5, 6] . To minimize accumulation of random artifacts in rat abdomen, all protocols are combined with parallel imaging acceleration (GRAPPA) and 
T2-WEIGHTED PROTOCOLS
In both clinical and preclinical studies, T2-weighted sequences are most commonly used for anatomical assessment. Although it is almost impossible to distinguish rat pancreas from surrounding tissue using conventional MRI protocols, pancreatic landmarks can be easily depicted from high-resolution 3D images [4] . T2-weighted 3D SPACE (turbo spin-echo or TSE with variable-flip-angle refocusing RF pulses) and TrueFISP (fast imaging with steady-state precession) sequences are the most commonly used T2 protocols in clinic [12] . In our experimental setups, a 0.39 mm isotropic 3D SPACE scan takes about 11-14 min, while the 3D TrueFISP protocol can be finished within 5 min. However, due to the complex environment of rat abdomen, TrueFISP images always suffer from susceptibility artifacts [ Figure 2 ]. To avoid aliasing artifact, SPACE images are always obtained with coronal scans, transversal and sagittal views can be reconstructed from 3D data. Volumetric TrueFISP scan allows a smaller FOV along the slice direction [ Figure 2A , lower right]. A single slice 2D TrueFISP image can be finished in 10 s (2 averages) with a superior SNR in both coronal and transversal slices [ Figure 2B ]. However, in case that the colon is closely adjacent to pancreatic head tumor, tumor signal could be disrupted by banding artifact [ Figure 2B , lower right]. Therefore, in pancreatic head tumor studies, SPACE protocol would be suggested as the standard structural imaging, especially in longitudinal studies [ Figure 3 ].
I n c l i n i c a l p r a c t i c e , m a g n e t i c r e s o n a n c e cholangiopancreatography (MRCP) is a standard protocol for non-invasive check-up to the biliopancreatic duct system [12] . For rodent imaging, MRCP can be Figure 4 , in which edematous pancreatitis tissue can be clearly detected from MRCP. Pancreatic tissue contrast is even higher than that shown on SPACE images [ Figure 4B ], thus providing more accurate volume estimation for edema [5] .
T1-WEIGHTED PROTOCOLS
Without respiration triggering, standard spin-echo T1 protocol is not ideal for rat pancreatic imaging due to the sensitivity to motion artifact. Alternatively, oversampled BLADE protocol is more robust to overcome the motion artifacts, and can be finished in 40 s with 300% blade coverage [ Figure 1B ]. Gradientecho based T1 protocols can be adjusted for contrastenhanced assessment and volumetric measurement [4] . Pancreatic tumor volume can be obtained from 3D SPACE images, which provide clear anatomical information [6] . However, SPACE might not be the best protocol for volumetric measurement due to its long scan duration (over 10 min). On the other hand, combining with SPACE images, fast 3D T1-weighted turbo fast low-angle shot protocol might be an option for more accurate volume evaluation [ Figure 5 ].
RELAXATION TIMES MAPPING
Quantitative analysis could provide more reliable information in multi-center and longitudinal studies [16] . Knowledge of tissue relaxation times is crucial for tissue characterization, can be helpful in optimization of MRI sequence parameters, and allows quantitative evaluations such as contrast agent uptake and iron overload [17, 18] . Conventionally, standard transverse relaxation time (T2) mapping is obtained from multispin-echo pulse protocols, in which the T2 decay is sampled at different echo times [18] . Since the effective TR time in respiration triggered protocols is always longer than 1 s, a long echo train (16 to 24 echoes) could be used for multiple echo sampling. Gradient echo based T2* mapping protocols might suffer from susceptibility and off-resonance artifacts in rat abdominal region, due to the presence of gas and ferromagnetic materials in the GI tract [ Figure 2 ].
For longitudinal relaxation time (T1) mapping, the time consuming gold standard spin-echo based inversion recovery (IR) method can be performed on phantom. The Look-locker and variable flip angle methods can be applied for fast T1 mapping, but those protocols are not always available on standard clinical scanners. Alternatively, groups of 2D single-shot or 3D segmented gradient-echo based IR protocols can be used for in-vivo T1 measurements in rat abdomen.
To get an accurate T1 estimation, 7 to 9 recovery samplings covering the entire T1 range in abdomen are used in our experiments [6] .
In pancreatic disease models (acute pancreatitis and pancreatic tumor), change of T2 relaxation mainly reflected the increase of water content or bleeding, presented as hyperintense necrosis [ Figures 3A and 6A, CA4P-24 h] or edema [ Figure 4C ], and hypointense hemorrhage [ Figure 6A , CA4P-7 h]. In our setups, native T1 mapping is less sensitive to tumor hemorrhage or necrosis [ Figure 6B ]. On the other hand, T1 mapping is essential for quantification of contrast agent uptake [ Figure 7 ] and pharmacokinetic modeling [ Figure 8 ].
DIFFUSION WEIGHTED IMAGING
Diffusion weighted imaging (DWI) has shown the potential in monitoring therapeutic response in tumor studies [19, 20] . Previously in most studies, apparent diffusion coefficient (ADC) value was simply obtained from mono-exponential model as an indicator of tissue diffusivity. In recent decades, other mathematical models have been developed in order to provide better data fitting [21] . Intravoxel incoherent motion (IVIM) model is one of the most popular methods, which reflects the tissue micro-capillary perfusion [22] .
However, accurate estimation of the per fusion fraction requires multiple samplings for small bvalues under 100 s/mm 2 . Alternatively, in oncological applications, kurtosis imaging focusing on sampling of b-values above 1,000 s/mm 2 provides information about the heterogeneity and irregularity of tumor cellular environment [20] . In our pancreatic tumor study [ Figure 6C and D], a maximum b-value of 2,500 s/mm 2 was applied in trace-weighted imaging [6] . To improve SNR in diffusion measurements, more averages can be applied for high b-values. Due to the limited gradient strength on clinical scanners, the EPI readout is usually prolonged, which leads to geometrical distortion in phase direction [23] . Thus, a relatively higher bandwidth and parallel imaging technique would be necessary to achieve smaller echo spacing and faster readout.
DYNAMIC CONTRAST-ENHANCED IMAGING
Dynamic contrast-enhanced (DCE) is helpful in evaluation of tissue vascularity, it provides physiological information such as blood flow and vessel permeability. The potential of applying DCE for diagnosing chronic pancreatitis and characterization of pancreatic tumor mass has been investigated in clinical studies [24, 25] . Conventionally, gadolinium-based MRI contrast agents (CAs) are widely used for T1-weighted DCE experiments. Currently, low molecular weight gadopentetate dimeglumine gadoliniumdiethylenetriamine pentaacetic acid and gadoterate meglumine gadoliniumtetraazacyclododecanetetraacetic acid (Gd-DOTA) are among the most commonly used CAs [26] . On a clinical scanner, fast gradient-echo protocols can be used for dynamic measurement with high temporal resolution. Followed by native T1 mapping and baseline scans, a CA is given via bolus intravenous injection. Timevarying signals followed by the CA injection are recorded and converted to the concentration time curve (CTC) for quantitative assessment. Standard Tofts model is the simplest compartmental model, which describes the distribution of a CA in blood plasma and extravascular extracellular space, and intravascular distribution of the CA can be included in extended Tofts model.
Pharmacokinetic estimation using Tofts model requires the knowledge of arterial plasma concentration [27] , which can be extracted from the blood signal of each subject. To obtain enough contrast for the arterial input function (AIF), previously gadobenate dimeglumine (Gd-BOPTA) was applied in our experiment for characterization of an orthotopic pancreatic tumor model [6] . Due to the relatively high relaxivity and long plasma half-life of Gd-BOPTA, AIF was easily obtained from aortic signal of each animal. While in short-term longitudinal study for tumor therapy, Gd-DOTA is suggested due to the fast blood clearance. However, individual AIF might be difficult to obtain due to reduced contrast compared to Gd-BOPTA under the same injection concentration. In such cases, population AIF or reference-region based method can be applied for pharmacokinetic modeling [28] . An example of region-of-interest based DCE experiment is shown in Figure 8 , in which a population bi-exponential AIF [29] was applied for quantitative assessment in case of acute pancreatitis and pancreatic tumor therapy.
In our experimental setup, dynamic T1 mapping was investigated for pixel-wise DCE measurement, in which standard cardiac modified look-locker inversion recover y, separate license from Siemens, was modified for repeated T1 mapping using rat respiration signal as triggering. Scheme of dynamic T1 mapping is shown in Figure 9A . For each T1 mapping, 5 images are acquired after the first inversion, followed by 2-breaths break; then 3 images acquired after the second inversion. The next T1 measurement starts after 4-breaths break. In such way, a single T1 measurement can be finished in 14 breaths, resulting in a temporal resolution around 20 s in pixel-wise DCE experiment. Afterwards, the CTC curve can be directly extracted from dynamic T1 mapping for pharmacokinetic modeling [ Figure 9B ].
HISTOMORPHOLOGICAL EVIDENCE OF MRI-FINDINGS
Last but not least, all in vivo imaging findings should be properly backed up with gold-standard histopathology [ Figure 10 ], as practiced in clinical routines for disease diagnosis. After the last MRI acquisition, animals were euthanatized for pancreas dissection. In our studies onpancreas-related topics, the exocrine system of rat pancreas was locally infused with Evans Blue dye for clear delineation of this organ, and consequently for hematoxylinandeosin stained microscopic histology analysis [4] [5] [6] [7] . This requires not only basic anatomical knowledge but also meticulous skills for dissecting and sampling organs, tissues or pathologies as exactly displayed on corresponding images [ Figure 10 ]. As an intermediate step, postmortem microangiography is often performed to gain more insight into tissue vascularity and to assess the therapeutic efficacy of a vascular disrupting agent [ Figure 10A ]. In this step, barium sulphate suspension was injected via abdominal aorta, with the specimen dissected for digital microangiography using a standard clinical mammographic unit [30] . Only imaging studies are conducted this way, can the accuracy and reliability of the conclusions be better ensured [31] .
SUMMARY
Due to the lack of pancreas-specific labeling and disruptive motion artifacts within the abdominal region, rodent pancreatic tissue itself is still very difficult to be distinguished from the surrounding structures, especially on 2D images. Hereby, we have described the application of modified MRI acquisition techniques for rat pancreatic imaging at clinical scanners with demonstrative examples. In vivo MRI parameters for rat pancreatic imaging at 3.0T Siemens scanners are summarized in Table 1 . Except for 3D SPACE protocol, most 3D protocols can be finished around 5 min, while most 2D protocols are generally optimized to be accomplished within 2 min for a single measurement.
In conclusion, state-of-the-art clinical MRI techniques could be translated into utilities in rat pancreatic imaging with high flexibility, which may provide an experimental platform for a wide range of preclinical research.
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